Introduction
Calcium-dependent potassium (K Ca ) channels are known to form complexes with voltage-gated calcium (Ca 2+ ) sources. These interactions are important in linking the voltage-dependent and temporal properties of Ca 2+ influx to K Ca channel activation, allowing the K Ca channel to respond rapidly and effectively to Ca 2+ channel activity. Big conductance K Ca (KCa1.1) channels are both voltage-and Ca 2+ -dependent and were known to complex with high voltage-activated (HVA) Ca 2+ channels. [1] [2] [3] Recently, we showed that KCa1.1 channels also form a physical complex with low voltage-activated (LVA) Cav3 T-type Ca 2+ channels, as shown through coimmunoprecipitation. 4 Interaction with Cav3 Ca 2+ channels was shown to allow KCa1.1 channels to be activated at voltages as low as -70 mV, 30-40 mV lower than the activation threshold seen for KCa1.1-Cav2.1 complexes. 1 This lowvoltage KCa1.1 activity, which extended into the subthreshold region, was seen in both a heterologous expression system and neurons of the medial vestibular nucleus (MVN). 4 While determining the properties of the KCa1.1-Cav3. 2 
Methods
The KCa1.1-Cav complexes were modeled using systems of differential equations describing the activation and inactivation of the included ion channels, as well as diffusion of Ca 2+ from the Ca 2+ source. ), a n,n+1 is the surface area between the adjacent compartments, v i is the volume of the first compartment, δ n,n+1 is the distance between compartments, and the term in the brackets represents the concentration gradient. The radius of the smallest compartment was 20 nm and the radius of each consecutive compartment was increased by 20 nm. The KCa1.1 channel was placed in a compartment n and its activation calculated based on [Ca 2+ ] n , as described below. Therefore, the effect of Ca 2+ on KCa1.1 channels could be observed for distances of up to 200 nm from the Ca 2+ source by changing the compartment in which the KCa1.1 channel was located.
Large 
Results
The distance between HVA Cav channels and KCa1.1 channels required to generate KCa1.1 activation and effects of Ca 2+ chelators has been solved analytically in previous studies. 5, 15 Here, we were interested in modeling the effects of varying the interchannel distance between either HVA (Cav2.2) or LVA (Cav3.2) Ca 2+ channels and KCa1.1 channels. In this way, we could determine how the properties of a Ca 2+ source affect the voltage-dependence and temporal properties of KCa1.1 channel activation. The Cav-mediated Ca 2+ source was modeled using 10 hemispherical compartments of increasing radii (20-200 nm; Fig. 1 ) and KCa1.1 channel activation was calculated based on [Ca 2+ ] i in a compartment. While this model did not include Ca 2+ buffers, it provides an estimation of the minimum distances and number of channels required to produce KCa1.1 activation. The parameters for Cav2.2 channels were drawn from the studies of references 8, 9, and 11, and Cav3.2 channels from experiments (data not shown) and reference 10, and KCa1.1 channels from references 6 and 7.
We first compared the activation properties of KCa1.1 by a single Cav3.2 or Cav2.2 channel as a Ca 2+ source at a fixed distance of 20 nm, which would correspond to direct juxtaposition of a Cav and KCa1.1 channel. Cav3.2 channels have a small single channel conductance (1.7 pS) and exhibit rapid and complete inactivation. 6, 8 At a distance of 20 nm from KCa1.1 in the model, a single Cav3.2 channel only caused a slight increase in the open probability (P o ) of the KCa1.1 channel, reaching just 0.06 of maximal conductance ( Fig. 2A , right, dark blue). Cav2.2 channels have a much higher single channel conductance, maximal P o , and inactivate slowly. 5, 6, 10, 12 A single Cav2.2 channel at 20 nm distance from a KCa1.1 channel was thus able to increase the KCa1.1 P o to 0.14, or twice that of a single Cav3.2 channel (Fig. 2A, left) .
It has been proposed that multiple Cav channels may complex with KCa1.1 channels, as much as 1 Cav channel per KCa1.1 α-subunit. 1 We also hypothesized that multiple Cav3.2 channels may cooperate to activate KCa1.1 channels. with the KCa1.1 channel at 20 nm (KCa1.1-Cav2.2[4´; 20 nm]) reached a maximum of 0.69. However, multiple Cav3.2 channels generated significant KCa1.1 activation at voltages as low as -50 mV ( Fig. 2A, left) . KCa1.1-Cav2.2 complexes, on the other hand, only showed activation for voltages positive to -30 mV ( Fig. 2A, right) .
Overall, these results show that the higher single channel conductance of a Cav2.2 channel allows a single channel to be much more effective at activating a nearby KCa1.1 channel than does a Cav3 channel. In fact, multiple Cav3 Ca 2+ channels are required to provide significant activation of KCa1.1 channels. The voltage-dependence of the Ca 2+ channel is also reflected in KCa1.1 activation, such that Cav3 channels are capable at activating KCa1.1 channels from lower voltage than Cav2.2 channels.
The distance between the KCa1.1 channel and its Ca 2+ source is an important factor determining KCa1.1 activation. 1, 5, [16] [17] [18] [19] Therefore, we tested the effects of increasing the distance between Cav and KCa1.1 channels. At a distance of 40 nm (within a nanodomain), both the KCa1.1-Cav3.2 and KCa1.1-Cav2.2 models showed much weaker activation of KCa1.1 than for a 20 nm separation (Fig. 2B and C) . The KCa1.1-Cav3.2(4´; 40 nm) complex reached a peak of only 0.12, or 23% of the maximal activation of the KCa1.1-Cav3.2(4´; 20 nm) complex (Fig. 2B and C, left) . Likewise, the KCa1.1-Cav2.2(4´; 40 nm) complex reached a maximum of 0.24 compared with 0.69 at 20 nm separation ( Fig. 2B and C, right) . Therefore, Ca 2+ -dependent activation of a KCa1.1-Cav complex depends strongly on interchannel distance and is sensitive to even small differences in separation, with the largest effect on Cav3 as compared with Cav2.2 containing complexes (Fig. 2C) .
Cav3.2 and Cav2.2 channels differ significantly in their kinetic properties. Cav3.2 channels show fast activation and a short time constant of inactivation while Cav2.2 channels show inactivation, but to a lesser extent and over a greater timeframe. A series of voltage steps provided to the KCa1.1-Cav3.2(4´; 20 nm) model revealed a KCa1.1 channel current that also showed fast activation followed by rapid inactivation within 100 ms. This is important in confirming that the properties of the Cav3 channel were conferred to the KCa1.1 channel (Fig. 3A) , as found in MVN neuron and tsA-210 cell recordings. 4 On the other hand, the KCa1.1-Cav2.2(1´; 20 nm) model showed slower inactivation of K + current with significant activation still observed after 300 ms (Fig. 3B) . As previously reported, no significant activation was detected below -30 mV for the KCa1.1-Cav2.2(1´; 20 nm) complex, again confirming direct recordings. 15 Increasing the number of Cav2.2 channels resulted in a slowing of inactivation for the KCa1.1-Cav2.2 complex, which was not seen for an increased number of Cav3.2 channels (Fig. 3C) . This is due to the larger conductance of Cav2.2 channels and build-up of [Ca 2+ ] i with a large number of Cav2.2 channels. 
Discussion
The results shown in Rehak et 
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